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In  an  effort  to  enable  reusable,  high-performing  liquid  rocket  engines,  a  comprehensive 
experimental  and  numerical  investigation  of  the  thermal  performance  (thermal  stability  and 
heat  transfer  characteristics)  of  RP-2  is  underway  at  the  Air  Force  Research  Laboratory 
(AFRL),  Edwards  AFB,  CA.  In  the  current  work,  the  High  Heat  Flux  Facility  (HHFF)  was 
used  to  provide  initial  RP-2  thermal  performance  information  under  conditions  simulative 
of  those  encountered  in  the  cooling  channels  of  a  real  engine.  RP-2  was  thermally  stressed 
while  flowing  through  circular  copper  tube  test  sections.  Short-duration  thermal  stressing 
tests  provided  heat  transfer  information  which  closely  followed  existing  empirical 
correlations  for  RP-1.  Effects  of  wall  temperature,  bulk  temperature,  and  flow  rate  on  heat 
transfer  were  observed  and  were  consistent  with  expected  behavior.  Longer-duration  tests  at 
elevated  wall  temperatures  provided  the  first  steps  in  elucidating  the  conditions  under  which 
solid  carbon  deposits  form.  The  test  sections  were  analyzed  post-test  with  optical  and 
scanning  electron  microscope  and  carbon  deposition  burn-off  for  signs  of  coke  formation. 
The  results  from  these  analyses  indicate  the  presence  of  solid  carbon  deposition  for  high-wall 
temperature  tests  exceeding  30  min.  in  duration,  although  further  testing  is  required  to 
make  more  conclusive  comparisons. 


I.  Introduction 

IMPROVED  understanding  and  characterization  of  fuel  thermal  stability  is  required  for  the  design  and 
ja^^fli^^ftlEtp(lffrlb)ig-life,  reusable  liquid  rocket  engines.  Regeneratively- cooled  hydrocarbon  engines  maintain 
wall  conditions  below  failure  limits  by  actively  cooling  the  thrust  chamber  assembly  with  fuel  prior  to  fuel  injection. 
During  this  process,  the  fuel  absorbs  a  tremendous  amount  of  heat  and  may  undergo  molecular  decomposition, 
eventually  resulting  in  insoluble  products  depositing  on  the  cooling  channel  walls.  This  deposition  tends  to  insulate 
the  wall  material,  causing  localized  hot  spots  which  can  ultimately  lead  to  structural  failure.  Thoroughly 
characterizing  the  chemical  and  physical  processes  of  fuel  decomposition  and  deposition  and  the  conditions  under 
which  they  occur  will  enable  engine  designers  in  the  process  of  developing  reusable,  highly  operable  engines. 
Improving  a  fuel’s  ability  to  absorb  heat  without  coking  is  also  desirable  from  a  performance  standpoint.  The 
present  work  is  an  experimental  investigation  of  the  thermal  stability  of  the  kerosene-based  rocket  fuel  RP-2  in  a 
heated  tube  under  realistic  fluid  and  thermal  conditions.  Thermal  stability  was  gauged  by  several  factors,  including 
deposit  formation  and  heat  transfer. 

Coking  temperature  is  often  referred  to  as  the  temperature  above  which  solid  deposition  readily  occurs,  and 
wetted  wall  temperatures  exceeding  this  limit  are  intentionally  avoided  in  the  design  of  thrust  chamber  assemblies. 
However,  the  chemical  process  of  thermal  decomposition  and  the  physical  process  of  deposit  formation  are 
influenced  by  several  factors:  fuel  composition,  wall  roughness  and  material,  residence  time,  bulk  fluid  conditions, 
and  numerous  temperature-dependent  physical  properties.  The  variety  of  contributing  factors  leads  to  a  wide 
variability  in  reported  coking  temperatures  for  rocket  kerosene.  For  RP-1  (MIL-DTL-25576E,  2006),  a  narrow- 
range  kerosene  fraction  developed  in  the  1950’s,  reported  coking  wall  temperature  limits  range  from  550-850°F 
(561-727K).  To  properly  quantify  a  fuel’s  thermal  stability  in  terms  of  coking  temperature,  understanding  the  effects 
of  the  aforementioned  influences  is  important. 

With  this  in  mind,  AFRL’s  High  Heat  Flux  Facility  (HHFF),  Edwards  AFB,  CA,  was  used  to  thermally  stress 
RP-2  in  a  high-temperature,  high-pressure  environment.  The  effort  discussed  in  this  paper  is  part  of  a  comprehensive 
program  intended  to  develop  and  transition  improved  hydrocarbon  fuels  for  use  in  liquid  rocket  engines.  This 
includes  full  characterization  of  the  fuel’s  thermal  performance  (thermal  stability  and  heat  transfer  characteristics). 
A  specific  goal  for  the  current  work  was  to  provide  an  initial  measure  of  the  thermal  performance  of  RP-2.  This  was 
attempted  by  flowing  fuel  at  relatively  low  velocity  and  high  wall  temperature  channels  and  observing  signs  of  solid 
deposition  formation. 
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II.  Experimental  Setup  and  Procedures 

The  HHFF  is  a  relatively  new  rig  capable  of  simulating  a  realistic  cooling  channel  environment  and  providing 
fuel  thermal  stability  data  over  a  wide  variety  of  operating  conditions.  It  allows  for  flexibility  in  several  regards, 
including  cooling  channel  geometry  and  material,  wetted  wall  temperature,  flow  velocity,  fuel  composition,  and 
channel  surface  features.  The  ability  to  preheat  the  fuel  allows  examination  of  the  effect  of  bulk  inlet  temperature 
and  comparison  of  core  flow/boundary  layer  chemistry  effects.  A  thorough  discussion  of  the  facility  design  is 
provided  in  Reference  1 . 

The  current  testing  took  advantage  of  flexibility  in  test  section  geometry  by  utilizing  a  simplified  channel 
configuration.  The  simplified  geometry  was  used  for  several  reasons.  First,  it  provided  a  usehil  comparison  with 
existing  heated  tube  data  such  as  the  Heated  Tube  Facility  at  NASA’s  Glenn  Research  Center^  (RP-2  thermal 
stability  testing  is  currently  being  conducted  in  that  facility  at  different  conditions,  with  comparisons  forthcoming). 
Second,  in  fuel  characterization  work,  an  extensive  experimental  effort  is  necessary,  and  a  simplified  geometry  is  an 
efficient  way  of  examining  the  general  thermal  performance,  specifically  hiel  decomposition  and  its  effects.  When 
testing  conditions  such  as  wetted  wall  temperature  and  residence  time  are  established  which  produce  measurable 
levels  of  coke,  realistic  test  section  geometries  and  flow  conditions  are  planned.  Third,  the  test  sections  are  relatively 
inexpensive  and  readily  available. 

The  experimental  setup  for  the  current  work  is  shown  in  Figure  1.  Heat  transfer  from  the  copper  heater  block  to 
the  test  section  occurred  asymmetrically  across  a  semi-circular  contact  surface  area  formed  by  a  groove  in  the  heater 
block  in  which  the  test  section  fit  snugly.  The  test  section  tube  rested  in  a  cradle  of  low-thermal  conductivity 
ceramic,  minimizing  conduction  to  the  assembly  and  simulating  asymmetric  heat  transfer.  In  turn,  the  test  section 

and  its  cradle  rested  in  a  higher 
strength  ceramic  cradle  which 
was  supported  by  an  aluminum 
fixture  suspended  in  a  vacuum 
chamber.  Conducting 

experiments  under  high  vacuum 
minimized  convective  losses  to 
the  surroundings  and  oxidation 
on  the  copper  surfaces.  Five  K- 
type  right-angle  ribbon 
thermocouples  were  brazed 
along  the  bottom  centerline  of 
each  test  section  with  0.4-in. 
(10-mm)  spacing. 

Thermocouple  leads  passed 
through  holes  in  both  ceramic 
cradles.  One  K-type  spring- 
loaded  thermocouple  measured  the  temperature  near  the  bottom  of  the  heater  block  during  the  test.  The  heater  block 
temperature  was  maintained  with  twenty-five  800W  custom  Watlow  Firerod  cartridge  heaters  with  embedded  K- 
type  thermocouples  with  mineral  insulated  leads,  controlled  at  the  console  through  a  Watlow  MLS  332  controller. 
Transducer  data  was  collected  at  a  sample  rate  of  100  Hz  with  Pacific  Instruments  6013  8-channel  amplifier- 
digitizer  cards,  and  previewed/recorded  using  Pacific  Instruments  PI660  software. 

High-pressure  bladder  tanks  were  used  to  pressurize  the  fuel,  with  pressure  regulated  by  a  Tescom  ER3000 
electronic  pressure  controller  using  a  PID  algorithm.  A  Coriolis  mass  flow  meter  measured  the  fuel  flow  rate  with  a 
stated  uncertainty  of  ±0.1%  at  the  flow  rates  tested.  A  preheater  upstream  of  the  test  section  was  used  to  raise  the 
bulk  fluid  temperature  when  desired.  Cavitating  venturis  of  varying  throat  area  maintained  constant  mass  flow  rate 
despite  fluctuations  in  downstream  pressure.  Most  of  the  venturis  used  in  the  testing  operate  effectively  at  up  to  75- 
80%  pressure  recovery.  A  backpressure  control  valve  was  used  to  maintain  test  section  pressure  greater  than  1000 
psi  (48  kPa)  to  minimize  boiling  and  two-phase  phenomena  and  sharp  transport  property  gradients  near  the  critical 
point.  Downstream  of  the  test  section,  the  fuel  was  collected  and  either  reloaded  or  discarded,  depending  on  the  test 
objectives. 

A  typical  test  procedure  involved  increasing  the  fiiel  preheater  and  heater  block  to  their  specified  temperatures, 
increasing  system  pressure,  and  adjusting  the  backpressure  valve  and  pressure-regulating  ER3000  to  obtain  the 
desired  test  section  velocity  and  pressure.  When  flow  conditions  were  reached,  data  recording  began  and  the  heater 
block  was  lowered  onto  the  test  section  tube.  An  increase  in  the  tube  thermocouples  occurred  instantly.  Flow 
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Figure  1.  Experimental  test  section  configuration.  Left  view  shows  cradle 
assembly  and  a  portion  of  test  section  tube.  Right  view  is  a  cutaway  showing 
thermocouple  and  heater  block  contact  with  tube.  Test  section  tube  is  OFE 
copper,  1/8-in.  O.D.,  0.032-in.  wall  thickness  (nominal).  Thermocouple  beads 
are  silver-soldered  to  test  section  tube. 


conditions  were  maintained  and  the  heater  block  remained  in  contact  with  the  test  section  tube  for  the  duration  of  the 
test,  which  ranged  from  2-40  min.  for  the  results  presented.  After  this  time,  the  heater  block  was  raised,  fuel  flow 
was  stopped,  and  the  test  section  was  purged  with  low-pressure  nitrogen  to  remove  any  residual  fuel.  The  block  and 
tube  assembly  then  cooled  under  vacuum,  and  finally  the  test  section  was  removed  and  prepared  for  analysis. 

III.  Results  and  Discussion 


A.  Heat  Transfer  Results 

Several  shorter-duration  tests 
were  conducted  to  examine  the 
relationship  between  friel  bulk 
temperature,  wetted  wall 
temperature,  and  heat  transfer. 

Minimal  coke  formation  was 
expected  with  little  influence  on  the 
measured  heat  transfer  rates.  For  this 
reason,  test  sections  were  reused  for 
several  tests,  which  helped  improve 
repeatability  of  thermo-fluid 
conditions.  Surface  and  fluid 
temperature  measurements  were 
averaged  over  the  steady-state 
portion  of  each  run,  usually  between 
2-3  min.  During  this  time,  surface 
temperatures  varied  little,  but  in 
some  cases  experienced  an 
approximate  3%  decrease  as  heat 
transfer  occurred  along  the  tube.  Typical  variation  in  measured  surface  temperature  between  axial  locations  was 
within  3%  of  the  average  measured  temperature.  This  can  be  seen  in  Figure  2,  showing  measured  surface 
temperatures  for  a  representative  run.  The  thick  dashed  lines  indicate  the  user-selected  portion  of  the  test  for  which 
data  were  included  in  heat  transfer  calculations,  and  the  parenthesized  numbers  in  the  legend  are  the  axial  distance 

of  the  temperature  measurement,  with  conduction  heat  transfer  from  the 
block  beginning  at  0  in.  Temperatures  at  all  tube  locations  decrease 
initially,  remain  relatively  constant  for  most  of  the  test,  and  increase 
slightly  near  the  end.  The  variation  in  measured  temperature  over  time  was 
due  to  corresponding  temperature  fluctuations  in  the  heater  block  itself  The 
tube  temperature  is  greatest  at  the  location  of  T2,  and  decreases  in  the 
upstream  and  downstream  directions.  The  decreasing  measured  temperature 
in  the  downstream  direction  may  have  been  caused  by  slight  misalignment 
between  the  heater  block  and  the  tube,  resulting  in  relatively  high  thermal 
contact  resistance  and  lower  heat  transfer  rates  at  certain  locations 
compared  with  others. 

The  experimental  setup  in  the  current  work  improves  on  previous 
efforts^  by  making  a  surface  temperature  measurement  closer  to  the  wetted 
wall  temperature.  However,  a  small  temperature  difference  is  still  expected, 
due  to  exact  location  and  size  of  the  brazed  ribbon  thermocouple  junction, 
minor  conduction  losses  through  thermocouple  leads,  and  temperature 
gradient  across  the  0.032-in.  tube  wall.  The  first  two  of  these  were 
considered  negligible.  A  one-dimensional  conduction  model  was  used  to 
estimate  the  wetted  wall  temperature  based  on  the  average  enthalpy 
increase  of  the  fuel  and  the  thermal  conductivity  of  the  tube.  Assuming  the 
energy  increase  in  the  fuel  was  due  to  conduction  around  the  circumference  of  the  tube,  a  less  than  3%  decrease  in 
temperature  from  the  outer  surface  to  the  inner  surface  was  calculated. 

A  more  significant  complication  in  temperature  reporting  arises  from  the  circumferential  variation  in  temperature 
around  the  inner  surface  of  the  tube.  The  asymmetric  heat  transfer  results  in  large  differences  between,  for  example, 
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Figure  3.  Temperature  contours 
for  axisymmetric  heat  transfer  to 
tubular  test  section  (scale  in  K). 

Conjugate  heat  transfer  calculations 
reveal  large  temperature  gradients 
around  inner  (wetted)  wall 
circumference. 


Time  (s) 

Figure  2.  Measured  temperature  histories  for  a  representative  short- 
duration  heat  transfer  test.  Data  used  for  heat  transfer  calculations  is 
bounded  by  thick  dashed  lines.  Thermocouple  axial  location  is  indicated  in 
parentheses. 


the  upper  wetted  wall  temperature  and  the  lower  wetted  wall  temperature.  Conjugate  heat  transfer  computations  with 
Metacomp’s  CFD++  showed  that  for  an  892°F  (751  K)  temperature  measured  directly  at  the  outer  bottom  surface  at 
the  axial  midpoint  of  the  tube,  temperature  variations  around  the  circumference  of  the  inner  fluid  interface  of  860- 
1043°F  (733-835  K)  were  present,  with  an  average  wall  temperature  of  962°F  (790  K).  In  other  words,  the 
asymmetric  heat  transfer  results  in  much  higher  temperatures  at  the  upper  wetted  surface  of  the  tube  than  indicated 
by  the  lower,  outside  thermocouple  measurements.  In  fact,  the  circumferentially-averaged  wetted  wall  temperature 
in  this  case  is  70°F  (39  K)  greater  than  the  measured  temperature  on  the  lower,  outer  tube  surface.  Temperature 
contour  results  from  the  conjugate  heat  transfer  calculation  are  given  in  Figure  3.  Because  of  the  marked  differences, 
it  should  be  noted  that  in  reporting  temperatures,  the  term  measured  refers  to  the  outer,  lower  tube  surface 
temperature  which  was  measured  by  the  thermocouple,  the  term  corrected  refers  to  the  inner,  average  wetted  wall 
temperature,  and  the  term  maximum  refers  to  the  inner,  upper  wetted  wall  temperature. 

Heat  transfer  characteristics  for  the  short-duration  RP-2  tests  are  presented  in  Figure  4.  The  measured  wall 
temperature  (x-axis)  is  the  spatially-  and  temporally-averaged  value  described  above.  Three  data  sets  are  shown:  Set 
1  data  was  collected  with  a  mass  flow  rate  (average)  of  4.52  Ibm/min  (0.034  kg/s)  and  of  91°F  (306  K);  Set  2 
data  was  collected  with  a  mass  flow  rate  (average)  of  3.07  Ibm/min  (0.023  kg/s)  and  of  86°F  (303  K);  and  Set  3 
data  was  collected  with  a  mass  flow  rate  (average)  of  4.39  Ibjmm  (0.033  kg/s)  and  of  182°F  (357  K).  The 
average  tube  heat  flux  q"  (y-axis)  was  calculated  according  to  the  overall  energy  balance  shown  in  Eq.  (1).  Tm,i  and 
Tm,o  are  the  measured  inlet  and  outlet  bulk  fuel  temperatures,  respectively.  Specific  heat  Cp  was  evaluated  at  the 
average  bulk  fluid  temperature,  7),  =  (7^,0  +  Tm,i)/2.  As  is  the  surface  area  over  which  the  heat  transfer  occurred,  and 
m  is  fuel  mass  flow  rate. 


^  A 


(1) 


One  useful  heat  transfer  result  is  given  by  Set  1  and  Set  3  data,  which  provide  a  comparison  showing  the 
influence  of  bulk  fluid  temperature  for  similar  wall  temperatures  and  mass  flow  rates.  For  similar  wall  temperatures 
and  flow  rates,  it  is  clearly  seen  that  increasing  the  bulk  fluid  temperature  by  use  of  the  preheater  increases  the 
overall  heat  transfer  in  the  test  section.  This  increase  in  heat  transfer  for  higher  bulk  temperature  fluids  has  been 
shown  for  aviation  kerosenes  previously,^  and  is  attributed  to  higher  Reynolds  numbers  accompanying  higher 
temperatures.  For  constant  velocity  and  hydraulic  diameter,  the  increase  in  Reynolds  number  between  Set  1  and  Set 
3  is  dominated  by  the  ratio  of  absolute  viscosities  (juseti/l^sets),  leading  to  large  Reynolds  number  increases  for 
moderate  temperature  increases.  The  strong  dependence  of  convective  heat  transfer  coefficient  on  bulk  temperature 


Figure  4.  Average  tube  heat  flux  as  a  function  of 
wall  temperature  for  short  duration  tests  in 
copper  tube  at  varying  flow  conditions.  For 

similar  wall  temperature  and  bulk  inlet  temperature, 
Set  2  heat  flux  is  less  than  Set  1  heat  flux  due  to  a 
lower  mass  flow  rate.  Heat  transfer  for  Set  3  is 
greater  than  that  for  Set  1  due  to  higher  inlet  bulk 
fuel  temperature,  with  similar  mass  flow  rate  and 
wall  temperature. 


550  600  650  700  750 

(measured),  [K] 


Figure  5.  Dependence  of  average  convective  heat 
transfer  coefficient  on  bulk  fluid  temperature. 

Moderate  increases  in  bulk  temperature  cause 
significant  enhancement  of  average  heat  transfer 
coefficient  for  runs  with  similar  mass  flow  rate  and 
wall  temperature.  Average  convective  heat  transfer 
coefficient  between  runs  is  not  a  strong  function  oj 
wall  temperature. 
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is  presented  in  Figure  5,  reproduced  in  a  similar 
format  as  provided  in  Reference  4  for  direct 
comparison.  In  this  case,  an  increase  in  bulk 
temperature  of  about  17%  causes  an  increase  in 
average  convective  heat  transfer  coefficient  of 
about  36%. 

The  data  of  Set  1  and  Set  2  provide  a 
comparison  showing  the  influence  of  mass  flow 
rate  on  heat  transfer  for  similar  wall  and  bulk 
fluid  temperatures.  As  expected  according  to  Eq. 

(1),  Set  1  has  correspondingly  greater  heat 
transfer  by  a  factor  nearly  identical  to  the 
increase  in  mass  flow  rate.  Finally,  for  all  data, 
increasing  wall  temperature  is  accompanied  by 
an  expected  increase  in  heat  transfer  rate. 

To  accurately  predict  and  correlate  heat 
transfer  results,  fluid  thermophysical  property 
data  over  a  wide  range  of  temperatures  and 
pressures  is  necessary.  Currently,  the  Physical 
and  Chemical  Properties  Division  of  the 
National  Institute  of  Standards  and  Technology 
(NIST)  is  compiling  high-accuracy  thermophysical  property  data  of  rocket  propellants  RP-1  and  RP-2.  At  the  time 
of  writing,  those  results  were  not  available.  However,  the  comparison  between  RP-2  and  RP-1  properties  at  lower 
temperatures  is  in  close  agreement.  Therefore,  RP-1  properties  at  elevated  temperatures  were  accepted  as 
representative  of  RP-2. 

Figure  6  compares  nondimensionalized  heat  transfer  data  with  two  correlations  from  previous  hydrocarbon 
thermal  stability  research.^  In  that  work,  multiple  linear  regressions  were  performed  to  fit  heat  transfer  data  for  a 
variety  of  hydrocarbon  friels,  resulting  in  fuel-specific  constants.  These  correlations  account  for  entrance  effects 
with  the  term  \+2l{xld),  where  x  is  the  tube  length  and  d  is  the  inner  diameter,  but  do  not  factor  in  viscosity 
variations  between  the  bulk  fluid  and  the  fluid  at  the  wall.  The  current  data  is  compared  with  correlation  curve-fits 

for  co-mingled  fiiel  (solid  line)  and  RP-1 
(dashed  line).  First,  the  data  are  presented 
without  error  bars  to  indicate  the  conditions 
(velocity  and  bulk  inlet  temperature)  under 
which  they  occurred.  For  example,  higher 
Reynolds  numbers  in  this  case  were  gained  not 
by  increasing  the  velocity,  but  by  decreasing 
the  viscosity  through  preheating.  The  data  are 
reproduced  as  “Corrected  Data,”  with  ±10% 
error  bars  reflecting  the  uncertainties  in 
physical  property  data:  thermal  conductivity  k, 
specific  heat  Cp,  absolute  viscosity  //,  and 
density  p.  The  data  with  error  bars  have  been 
corrected  for  the  variation  in  measured  and 
actual  wall  temperature  so  that  a  decrease  in  Nu 
occurs.  The  measured  increase  in  fuel 
temperature  actually  took  place  under  slightly 
hotter  average  temperatures,  so  heat  transfer  for 
the  uncorrected  data  was  overestimated.  The 
influence  of  wall  temperature  on  heat  transfer 
for  a  given  bulk  temperature  increase  (that  is, 
for  a  given  run)  is  shown  in  Figure  7.  The  run  conditions  are  noted  in  the  figure.  In  words,  the  figure  says  that 
achieving  a  given  increase  in  bulk  fuel  temperature  requires  a  higher  convective  heat  transfer  coefficient  for  lower 
wall  temperatures  than  for  higher  wall  temperatures,  which  is  somewhat  intuitive,  and  is  the  reason  for  the  shift 
down  in  the  corrected  data  of  Figure  6.  It  is  also  noteworthy  to  consider  the  relative  impact  that  inaccurate  surface 
temperature  measurements  and/or  temperature  corrections  may  have  on  heat  transfer  results.  As  shown,  correcting 
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Figure  7.  Influence  of  wall  temperature  on  heat  transfer  for 
a  given  set  of  run  conditions.  For  higher  wall  temperatures,  a 
lower  heat  transfer  coefficient  is  required  to  cause  a  given 
increase  in  bulk  fuel  temperature.  This  effect  caused  a 
downward  shift  in  Nu  when  correcting  for  the  actual  wetted 
wall  temperature. 
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Figure  6.  Nondimensional  heat  transfer  results  compared 
with  NASA-GRC  heated  tube  facility  correlations.  Good 
agreement  is  seen  between  the  current  data  and  existing  heat 
transfer  correlations.  Correlation  constants:  for  co-mingled 
fuels,  a  =  0.016,  b  =  0.862;  for  RP-1,  a  =  0.012,  b  =  0.879. 


for  the  actual  wall  temperature  causes  the  data  to  correspond  well  with  the  RP-1  correlation  of  NASA-GRC.  In 
general,  heat  transfer  data  is  in  good  overall  agreement  with  results  from  previous  research. 


B.  Visible  Deposit  Formation 

Previous  research  involving  RP-1 
coking  indicated  that  relatively  long  test 
durations  are  required  to  produce  a 
measureable  amount  of  carbon  deposit 
on  the  wetted  surface.^’^  It  is  expected 
that  RP-2,  with  significantly  lower 
sulfur  content,  will  require  even  longer 
thermal  stressing  periods  to  produce  a 
comparable  amount  of  deposit  as  was 
measured  for  the  RP-1  testing.  In 
addition  to  time  duration  of  thermal 
stressing,  deposition  is  affected  by 
surface  temperature.  In  an  attempt  to 
study  the  time  and  temperature 
conditions  at  which  coke  deposit  forms 
for  RP-2,  a  significant  portion  of  the 
current  work  comprised  relatively  long 
duration  thermal  stressing  periods  at 
average  measured  wall  temperatures 
expected  to  produce  measurable  levels  of  solid  deposit.  The  average  fuel  inlet  temperature  was  adjusted  by  utilizing 
the  preheater  prior  to  the  friel  entering  the  test  section.  The  test  duration  approached  the  system  capability  for  the 
flow  rates  tested.  New  channel  sections  were  used  for  each  test  to  provide  side-by-side  comparison  of  known 
condition  tests. 

Following  each  test,  the  test  sections  were  prepared  for  visual  examination  and  carbon  deposition  measurements. 
The  test  handling  procedure  involved  removing  the  braze  material  from  the  outside  of  the  tube,  measuring,  marking, 
and  cutting  the  tubes,  rinsing  the  sections  to  remove  any  residual  hydrocarbons,  and  vacuum-drying  to  remove  the 
solvent.  Figure  8  shows  the  locations  of  the  thermocouple  measurements  with  respect  to  the  heated  portion  and  the 
locations  where  the  tube  was  cut.  Three  1-in.  segments  of  each  8-in.  tube  were  kept  for  visual  inspection.  To 
examine  the  inner  surface,  a  6mm-dia.  end  mill  was  used  to  cut  through  the  tube,  exposing  the  upper,  wetted  wall  of 
the  tube. 

Qualitative  observation  is  a  simple  yet  usefril  way  to  obtain  decomposition  and/or  coking  information  following 
a  thermal  stressing  test.  Fuel  samples  were  drawn  from  the  collection  tank  after  each  test  and  stored  in  clear  vials. 
Visual  comparison  of  these  samples  with  unstressed  fuel  showed  no  noticeable  discoloration  or  suspended 

particulates,  which  have  been  reported 
as  measures  of  significant 
decomposition  in  previous  testing  with 
aviation  hydrocarbons.^’^  The  lack  of 
turbidity  is  not  surprising,  as  the 
fraction  of  fuel  exposed  to  the  hot  wall 
was  limited  to  the  thermal  boundary 
layer  in  the  test  section. 

Visual  inspection  of  the  test 
sections  provided  quick  information 
on  the  presence  of  coke  formation.  A 
Nikon  MM-400  optical  microscope 
was  used  to  give  initial  indication  of 
deposit  morphology.  The 

microscope’s  objective  head  was 
automatically  incremented  in  the  z-direction  (up-down)  to  provide  a  series  of  focused  images  which  were  then 
superimposed  to  produce  a  focused,  magnified  image  of  the  test  section  surface.  A  comparison  of  these  images  for 
segments  i,  m,  and  o  (see  Figure  8),  along  with  an  unused  segment  are  given  in  Figure  9.  Exposure  was  maintained 
constant  to  allow  comparison.  The  bright  horizontal  band  seen  across  the  middle  of  the  segments  is  due  to  reflection 


(a)  (b)  (c)  (d) 

Figure  9.  Optical  microscope  images  of  RP-2  thermal  stressing  tests 
in  copper  tube  test  sections.  A  blank  segment  (a)  is  provided  for 
comparison  of  deposit  formation  with  the  inlet  (b),  middle  (c),  and  outlet 
(d)  test  section  segments.  Varying  degree  of  discoloration  occurred,  with 
the  middle  segment  having  a  layer  deposit  buildup.  The  corresponding 
test  used  preheated  fuel  at  a  high  wall  temperature  and  long  thermal 
stressing  duration.  Magnification  is  approximately  200x. 
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Figure  8.  Test  section  analysis  geometry.  Each  test  section  for  the 
long-duration  thermal  stability  tests  was  cut  as  shown  above.  Note  that 
the  1-in.  sections  A  and  D  occur  outside  the  heat  transfer  portion  of  the 
tube. 
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from  the  light  source  (flow  direction  for 
these  images  was  horizontal).  The 
lengthwise  grooves  visible  in  the  blank 
segment  are  characteristic  of  the 
manufacturing  process  for  extruded 
copper  tubes  and  should  not  be  mistaken 
as  a  deposition  feature,  although  they 
are  likely  to  influence  heat  transfer  and 
deposit  buildup.  The  inlet  segment  is 
discolored,  which  may  indicate  the  onset 
of  deposit  buildup.  The  presence  of  coke 
formation  on  the  middle  segment  is 
obvious  as  a  gray-black,  matte  buildup. 
The  layer  of  deposit  appeared  uniform 
in  general,  with  noticeable  topography 
in  areas  of  thicker  deposition.  In  areas 
where  the  deposit  appeared  thinner,  the 
orange-brown  copper  surface  was 
visible  underneath.  The  surface  also 
featured  an  almost  plate-like  structure, 
with  small  fissures  forming  in  certain 
areas.  The  outlet  segment  is  discolored 
but  does  not  show  visible  coking. 

In  addition  to  the  optical  images,  magnified  details  of  deposit  formation  features  were  obtained  with  an  FBI 
Quanta  600  Scanning  electron  microscope  (SEM).  The  instrument  also  provided  deposit  elemental  results  using 
energy-dispersive  x-ray  (EDX).  SEM  micrographs  of  the  same  four  segments  shown  in  Figure  9  were  taken  to  allow 
comparison,  and  are  given  in  Figure  10.  These  images  were  produced  by  the  collection  of  secondary  electrons,  and 
are  a  useful  way  of  examining  surface  topography.  The  milled  surface  is  visible  on  either  side  of  the  flow  channel, 
providing  a  frame  of  reference  (flow  direction  for 
these  images  was  vertical).  For  SEM  images,  steep 
surfaces  result  in  higher  angle  of  incidence  with  the 
beam  and  thus  a  brighter  surface.  This  is  seen  on  the 
sloping  sides  of  the  tube  sections.  Dark  spots  on  the 
blank  (a)  and  inlet  (b)  sections  may  indicate 
contamination  from  the  test  section  handling  pieces 
although,  if  handling  procedures  were  uniform, 
similar  spots  would  be  expected  for  the  outlet  (d). 

Minor  contamination  was  almost  inevitable,  although 
care  was  taken  to  minimize  it.  It  is  also  possible  that 
the  large  dark  feature  near  the  top  of  image  (b)  is  the 
onset  of  deposit  formation.  The  noticeably  darker 
color  of  for  the  middle  segment  (c)  indicates  the 
difference  in  surface  morphology  due  to  deposit. 

Micrographs  at  higher  magnification  (not  shown  here) 
revealed  a  relatively  smooth  and  uniform  surface  of 
the  middle  segment  (c).  No  shedding  of  deposit  was 
evident. 

The  elemental  composition  of  the  four  segments, 
determined  by  EDX  spectroscopy,  is  given  in  Figure 
11.  A  sharp  decrease  in  copper  content  with  an 
accompanying  increase  in  carbon  indicates  coke  formation  in  the  middle  segment.  Contamination  on  the  blank 
segment  causes  an  increase  in  carbon  signal.  Oxygen  content  for  all  segments  is  likely  due  to  adsorption  from  the 
atmosphere.  A  peculiar  result  of  the  analysis  is  the  0%  carbon  content  in  the  outlet  segment.  Given  the  relatively 
high  temperature  friel  exposure  to  this  surface  for  extended  duration,  at  least  a  small  carbon  signal  might  be 
expected.  Further  examination  of  axial  distribution  of  carbon  content  is  necessary  to  explore  this  result. 
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Figure  11.  Elemental  Composition  of  tube  segments 
determined  by  SEM/EDX.  Thermally  stressed  tube 
sections  were  analyzed  for  composition.  The  carbon 
content  of  the  middle  section  shows  evidence  of  coking. 
Oxygen  content  of  all  segments  is  likely  due  to 
adsorption.  2o  uncertainty  for  middle  segment  Cu  and  C 
concentration  based  on  four  measurements  is  ±  6  wt% 


(a)  (b)  (c)  (d) 

Figure  10.  Scanning  electron  microscope  images  of  RP-2  thermal 
stressing  tests  in  copper  tube  section.  SEM  images  were  used  as  an 
indicator  of  surface  deposit  features  for  blank  segment  (a)(38x),  inlet 
(b)(43x),  middle  (c)(44x),  and  outlet  (d)(44x).The  corresponding  test 
section  used  preheated  fuel  at  a  high  wall  temperature  and  long 
thermal  stressing  duration.  Dark  spots  on  segment  (b)  could  be  onset 
of  deposition  or  surface  contaminants.  Limited  deposition  features  are 
visible  on  segment  (c).  Surface  striations  on  (d)  appear  more 
pronounced  than  (b). 


C.  LECO  Carbon  Deposition  Analysis 

In  addition  to  qualitative  inspection  of  test  section  surfaces,  four  1-in.  tube  segments  were  taken  from  each  test 
section  (labeled  A,  B,  C,  and  D  in  Figure  8)  and  used  for  carbon  deposition  measurements.  Two  unused  test  sections 
were  handled  identically,  segmented,  and  provided  for  comparative  purpose.  A  LECO  RC-412  Carbon  Determinator 
oxidized  the  segments  in  a  high  temperature  frimace  under  controlled  oxidizer  flow  and  related  the  time-integrated 
concentration  of  the  resulting  products  to  total  carbon.  This  has  become  a  somewhat  standard  way  of  reporting 
carbon  coking  in  hydrocarbon  fuel  thermal  stability  research. 

Carbon  bum-off  test  results  from  five  long-duration, 
high -wall  temperature  tests  are  presented  in  Figure  12. 

Deposition  results  (D)  have  been  normalized  by  the 
maximum  measured  deposition  for  all  pieces  (D^ax), 
which  occurred  in  segment  C  of  Run  132.  From  these 
results,  there  appears  to  be  no  identifiable  correlation 
between  tube  axial  location  and  deposit.  For  example, 
according  to  Figure  8,  one  might  expect  higher  levels  of 
deposition  for  segments  B  and  C,  since  they  were  in 
direct  contact  with  the  heater  block  and  exposed  to  the 
greatest  temperature.  But  this  pattern  is  only  seen  for 
Run  132.  It  is  unlikely  that  the  differences  in  measured 
deposit  are  due  to  misalignment  between  the  heater 
block  and  the  tube,  causing  large  temperature 
differences  and  variation  in  deposited  carbon.  The 
variability  in  deposit  results  for  the  blank  tube  segments 
may  indicate  uncertainties  (associated  with  the  test 
handling  and/or  measurement  procedure.  However,  it  is 
unlikely  that  differences  in  measured  deposition,  e.g.  see  Run  132,  are  purely  random  in  nature  (especially  given  the 
visible  contrast  between  inlet,  middle,  and  outlet  segments  as  seen  in  Figure  9).  Given  the  low  sample  size  (four 
samples  per  run),  the  discrepancies  in  the  deposition  results  are  likely  a  combination  of  random  errors  and  real 
phenomena.  In  this  case,  the  blank  section  results  were  used  to  obtain  a  standard  deviation  which  was  used  in  the 

estimate  of  the  uncertainty  of  the  average  deposition 
rates.  The  uncertainty  associated  with  the  65% 
confidence  interval  together  with  the  stated  instrument 
uncertainty  were  used  to  estimate  a  combined  uncertainty 
for  the  average  deposition  rate  of  the  test  segments  over 
each  run. 

These  averages  are  shown  in  Figure  13,  which 
compares  the  deposit  for  each  run  normalized  by  the 
maximum  average  rate,  which  in  this  case  occurred  for 
Run  129.  Several  interesting  observations  are  made  from 
these  data.  Within  the  estimated  uncertainty,  all  runs  with 
the  exception  of  Run  131  and  Run  133  show  average 
carbon  deposition  greater  than  the  blank  test  section. 
These  were  the  only  runs  out  of  five  which  used  fresh 
(previously  unstressed)  fuel  (see  Table  1).  The  lower 
deposition  for  these  runs  may  be  due  to  lower 
concentrations  of  precursor  species  (i.e.  intermediate 
species  in  the  overall  process  of  friel  degradation  leading 
to  solid  deposit  formation)  present  in  the  bulk  fuel. 
Considering  the  similarity  between  other  experimental 
conditions  with  respect  to  Run  132,  for  example,  this 
seems  reasonable.  The  similarity  in  deposition  for  Runs 
131  and  133  compared  with  the  blank  segment 
deposition  indicates  that  the  test  durations  were  generally 
too  short  to  produce  deposit  formation,  at  least  for  cases  when  previously  unstressed  fuel  is  used.  Comparing  Runs 
129  and  132,  it  appears  that  bulk  temperature  has  little  influence  on  solid  deposit  formation  at  the  wall.  Even  with 
the  large  bulk  temperature  difference  between  the  two  runs,  the  measured  deposition  is  very  close.  Although  higher 
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Segment  Name 

Figure  13.  Normalized,  average  carbon  deposition 
results.  Tube-averaged  deposition  measurements 
showing  deposit  formation  trends  for  high 
temperature  thermal  stressing  tests  of  RP-2. 
Combined  uncertainty  was  estimated  from  lo  of  the 
eight  blank  segments  and  the  stated  measurement 
uncertainty. 


Run  129  Run  130  Run  131  Run  132  Run  133  Blankl  Blank2 


Segment  Name 

Figure  12.  Carbon  deposition  normalized  by 
maximum  deposition  measured.  A  LECO  RC-412 
was  used  for  the  carbon  burn-off  results  shown  here. 
Test  segments  were  1-in.  long.  Two  blank  sections, 
not  exposed  to  fuel,  were  taken  for  comparison. 


bulk  temperature  leads  to  increased  heat  transfer  in  the  thermal  boundary  layer,  pyrolytic  decomposition  reactions 
and  deposit  formation  on  surfaces  are  wall  effects  influenced  by  temperature  at  or  near  the  wall,  and  are  not  likely 
to  be  sensitive  to  bulk  temperature  variation.  To  summarize  the  deposit  results:  longer  run  times  are  needed  to 
produce  carbon  deposits  which  can  be  resolved  from  the  blank  segments;  the  variation  in  carbon  deposit  for  a  given 
run  is  likely  a  combination  of  random  experimental  error  and  physical  phenomena;  preheating  the  fuel  does  not 
appear  to  play  a  dominant  role  in  deposition,  but  further  testing  will  explore  this  effect;  reusing  thermally  stressed 
fuel  is  likely  to  influence  deposit  formation.  Finally,  although  these  results  present  some  usefril  information, 
repeated  tests  at  specific  conditions  will  result  in  a  statistical  population,  allowing  more  meaningful  comparisons  of 
deposition  data. 


Table  1.  Conditions  for  longer-duration  thermal  stressing  tests 


Run 

Preheater 

% 

Tm,o 
°F  (K) 

Fuel  Condition 

(pre-test) 

Avg.  Heat  Flux 
Btu/in^s  (MW/m^) 

Duration 

min. 

Velocity 

ft/s  (m/s) 

129 

5 

191  (362) 

recycled 

6.13(10.0) 

36 

52  (16) 

130 

50 

292  (417) 

recycled+1  run 

6.81  (11.1) 

37 

54(16) 

131 

75 

430  (494) 

fresh 

6.72(11.0) 

33 

60(18) 

132 

75 

431  (495) 

fresh+1  run 

7.17(11.7) 

33 

61  (19) 

133 

75 

435  (497) 

fresh 

7.30(11.9) 

35 

61  (19) 

IV.  Summary  and  Conclusions 

AFRL’s  High  Heat  Flux  Facility  has  been  demonstrated  as  a  test  rig  capable  of  simulating  the  extreme 
environment  found  in  regenerative  cooling  channels.  Thermal  stability  testing  of  RP-2  in  a  conductively-heated  rig 
was  performed  with  varying  wall  temperature,  bulk  fuel  temperature,  test  duration,  and  test  section  flow  rate. 
Average  convective  heat  transfer  coefficient  was  measured  for  several  short-duration  tests,  and  nondimensionalized 
heat  transfer  (Nusselt  number)  was  compared  with  an  existing  empirical  correlation  for  RP-1.  Good  agreement  with 
the  correlation  was  seen  when  the  experimental  data  was  corrected  for  inner  (wetted)  wall  temperature,  which  was 
shown  to  vary  substantially  around  the  circumference  of  the  tube  wall.  This  circumferential  variation  in  wall 
temperature  is  characteristic  of  asymmetric  heat  transfer  experiments,  and  will  be  considered  when  reporting  wall 
coking  temperature  limits.  The  effects  of  mass  flow  rate,  bulk  inlet  temperature,  and  wall  temperature  on  heat 
transfer  were  shown  to  be  consistent  with  expected  trends.  To  improve  the  fidelity  of  heat  transfer  correlations  for 
rocket  kerosenes,  accurate  thermophysical  property  (e.g.  absolute  viscosity,  extremely  temperature-dependent) 
information  at  high  temperature  and  pressure  is  needed.  This  need  is  currently  being  addressed  under  Air  Force- 
directed  programs. 

Longer-duration  tests  at  very  high  wall  temperatures  were  intended  to  explore  the  maximum  allowable  wetted 
wall  temperature  (coking  limit)  of  RP-2.  For  these  tests,  evidence  of  carbon  deposit  formation  was  witnessed 
qualitatively  with  optical  and  scanning  electron  microscopes,  and  SEM/EDX  elemental  analysis  showed  carbon 
coverage  on  the  inner  surface  of  the  heated  portion  of  the  tube,  but  very  little  on  the  tube  portions  outside  the  heated 
region.  Carbon  deposit  formation  was  measured  with  a  LECO  carbon  determinator.  These  tests  indicate  that  high 
bulk  fuel  temperature  may  not  play  a  dominant  role  in  deposition,  but  further  testing  is  required  to  explore  this 
effect.  The  measured  deposition  for  five  high-wall  temperature  tests  was  not  significantly  greater  than  that  of  a  blank 
test  section,  and  therefore  experimental  modifications  (e.g.  lower  velocity,  longer  duration,  and  higher  wall 
temperature)  are  required  to  accurately  quantify  the  conditions  and  rates  at  which  deposit  formation  becomes 
unacceptable.  The  variation  in  deposit  results  also  reflects  random  experimental  and  instrument  uncertainties,  and 
therefore  repeated  tests  at  a  given  condition  are  necessary  before  making  conclusions  regarding  wetted  wall 
temperature  limits  for  deposit  formation  rates. 
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